Introduction {#sec1}
============

Vitamin B~12~ (cyanocobalamin, CNCbl) and other cobalamins (Cbl's) are natural cobalt corrinoids, having a 5′,6′-dimethylbenzimidazole (DMB) ligand tethered to the "lower" side of the corrin moiety. "Upper" axial ligands (cyano, 5′-deoxyadenosyl and methyl groups) complete the set of six Co(III)-coordinated ligand atoms in CNCbl, coenzyme B~12~ (adenosylcobalamin, AdoCbl), and methylcobalamin (MeCbl; [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).^[@ref1]−[@ref3]^ A weak Co--C bond is a biologically crucial property of the organometallic enzyme cofactors AdoCbl and MeCbl,^[@ref4]−[@ref7]^ which also function as the specific high-affinity ligands in the gene-regulatory B~12~ riboswitches.^[@ref8]−[@ref10]^ The B~12~ cofactors and synthetic organometallic B~12~ derivatives were typically found to be light-sensitive due to rapid photolytic cleavage of their Co--C bond.^[@ref11]−[@ref14]^ Nature has exploited this feature effectively, and AdoCbl functions as a light receptor controlling gene expression (e.g., in CarH).^[@ref15],[@ref16]^ The B~12~ community has, in fact, always been fascinated by the photochemical properties of the typically red colored vitamin B~12~ derivatives.^[@ref12]−[@ref14],[@ref17],[@ref18]^

![Structural formulas of vitamin B~12~ derivatives. Left: Formulas of B~12~ cofactors. In coenzyme B~12~ (AdoCbl), R = 5′-deoxyadenosyl and, in methylcobalamin (MeCbl), R = CH~3~. Right: Symbolic formulas of the four Cbl compounds discussed in this work: vitamin B~12~ (cyanocobalamin, CNCbl) and the Co~β~-alkynyl-Cbl's 3-HO-propynylcobalamin (HOPryCbl), phenylethynylcobalamin (PhEtyCbl), and 4,6-difluorophenylethynylcobalamin (F~2~PhEtyCbl).](ic0c00453_0001){#fig1}

Organometallic B~12~ derivatives have found use as reagents and catalysts exploiting the unique reactivity of their weak (Co--C) bond.^[@ref19]−[@ref22]^ Recently, significant efforts have been devoted to the design of B~12~ derivatives as medicinal and biological probes.^[@ref23]−[@ref28]^ The Cbl-derived so-called antivitamins B~12~ are organometallic Cbl's that are taken up by Cbl-transport proteins but are inert to transformation into biologically active B~12~ cofactors.^[@ref29]−[@ref32]^ Antivitamins B~12~ impair the bioavailability of B~12~ by filling the physical but not functional space of cobalamins in humans and other mammals,^[@ref33]^ as well as in other B~12~-dependent organisms.^[@ref34],[@ref35]^ Hence, thermal and photochemical stability has been a desirable property of the originally designed organometallic Cbl-derived antivitamins B~12~.^[@ref29]^ However, thermally stable but photolabile (or "photoconditional") antivitamin B~12~ derivatives have also raised interest,^[@ref36]^ as their use promises to allow the spatiotemporal control of B~12~ bioactivity and also to deliver spatiotemporally localized therapeutics. Cbl-based "photoconditional" antivitamins B~12~ should be photolabile, whereby the removal of the "upper" axial (Co~β~-R) ligand by light would uncage B~12~ bioactivity.^[@ref29]^ Likewise, in some B~12~-based biological vectors, the light induced release of the attached drug may be an attractive property.^[@ref28],[@ref37],[@ref38]^

The rational design of either photostable or photolabile antivitamins B~12~, and of B~12~-based cellular vectors, requires insights into the elementary photochemistry of such B~12~ derivatives, based on an understanding of the factors that promote or inhibit cleavage of their (Co~β~--C) bond in the excited electronic state manifold.^[@ref39]^ We have recently reported on 4-ethylphenylcobalamin (EtPhCbl) as a photolabile organometallic aryl-type antivitamin B~12~^[@ref30]^ and studied the remarkable, quantum-inefficient light-induced cleavage of its Co--C~sp2~ bond.^[@ref36]^ The more recent presentation of the alkynylcobalamin 2-phenylethynyl-cobalamin (PhEtyCbl), with a Co--C≡C--R "upper" axial ligand, as a robust and apparently photostable potential antivitamin B~12~ (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"})^[@ref31],[@ref32]^ has prompted a photochemical investigation of PhEtyCbl.^[@ref36]^ The exceptional stability of PhEtyCbl against thermolytic and photolytic cleavage of its organometallic bond^[@ref31]^ has inspired biological and biomedical applications of a range of alkynyl Cbl's.^[@ref27],[@ref32],[@ref40],[@ref41]^ Hence, we became interested in the crucial electronic properties of alkynyl Cbl's that are instrumental in strengthening their Co~β~--C bond, inhibiting photoinduced Co~β~--C bond dissociation by enhancing internal conversion and repopulation of the ground state.

Recent TD-DFT calculations^[@ref39]^ also explored the photostability of PhEtyCbl. Its photoexcitation is predicted to populate a local minimum on the electronically excited state near the Franck--Condon geometry followed by barrier crossing to a global minimum involving dissociation of the Co--N~DMB~ bond. Optical excitation is dominated by a corrin ring π → π\* transition, but the HOMO → LUMO transition of both Co--N~DMB~ base-on PhEtyCbl and the corresponding base-off compound involves delocalization over the phenyl and ethynyl groups. The excited state electronic configuration following internal conversion and structural relaxation is best described as (π~corrin~ π~PhEty~).^[@ref39]^ Subsequent return to the ground state is mediated by corrin ring distortion in a Co--N~DMB~ base-off configuration. For PhEtyCbl, there is not an energetically favorable path for photolysis; rather, internal conversion is the significantly preferred photophysical event.

In the context of our photochemical studies with alkynyl-Cbl's, photostable CNCbl has become a relevant model, as the basic pattern of its Co~β~--C bonding relates to that of the Co~β~-alkynyl-Cbl's.^[@ref31]^ Spectroscopic measurements^[@ref42]−[@ref47]^ and theoretical simulations^[@ref48],[@ref49]^ on CNCbl suggest that the fast internal conversion of CNCbl (ca. 6 ps at room temperature in aqueous solution) is mediated through axial bond expansion involving both Co--C and Co--N~DMB~, allowing access to a seam between the ground S~0~ and excited S~1~ potential energy surfaces. A recent transient X-ray absorption near edge structure (XANES) measurement of the excited state structure of the related alkynyl cobalamin, 2-\[2,4-difluorophenyl\]-ethynylcobalamin (F~2~PhEtyCbl),^[@ref32]^ is consistent with elongation, but not dissociation of the Co--N~DMB~ bond in the excited state accompanied by little or no change in the Co~β~--C bond.^[@ref50]^ The differences between the properties of alkynyl Cbl's and CNCbl suggest that the excited state structure and the mechanism for efficient internal conversion and ground state recovery is not simply related to the presence of an sp-hybridized carbon bonded as the upper axial ligand to the cobalt center.

These observations raise the question of the role of the ethynyl and phenyl group in controlling the photochemical properties of alkynyl cobalamins. Specifically, what effect does ring substitution or removal of the phenyl ring altogether have on the excited state dynamics and photochemistry? Here, we present ultrafast transient absorption studies that examine the photophysics and ground state recovery of the alkynyl cobalamins, F~2~PhEtyCbl and 3-hydroxypropynyl cobalamin (HOPryCbl). The results are compared with those obtained in prior work on PhEtyCbl and CNCbl to present a more complete picture of Co--C≡C--R excited state dynamics and the mechanism for internal conversion to the ground state.

Experimental Methods {#sec2}
====================

Syntheses and Characterization of Alkynyl-Cbl's {#sec2.1}
-----------------------------------------------

PhEtyCbl^[@ref31]^ and F~2~PhEtyCbl^[@ref32]^ were synthesized as published. Crystalline HOPryCbl was prepared here from aquocobalamin (H~2~OCbl) in 60% yield using the formate reduction methodology developed with PhEtyCbl^[@ref31]^ (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00453/suppl_file/ic0c00453_si_001.pdf) for details). Previously, the synthesis of HOPryCbl in 52% yield was achieved using CNCbl, Cu(I) acetate, and 3-hydroxypropyne.^[@ref40]^ HOPryCbl is fully characterized here, based on UV/vis, CD, IR, mass, and ^1^H NMR spectra, as displayed in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00453/suppl_file/ic0c00453_si_001.pdf). By means of homonuclear and heteronuclear NMR spectroscopy, the structure of HOPryCbl in aqueous solution was secured (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00453/suppl_file/ic0c00453_si_001.pdf)). Single crystals of HOPryCbl were grown for an X-ray analysis that provided detailed structural insights into the bonding pattern around the cobalt center of HOPryCbl.

Transient Absorption Measurements {#sec2.2}
---------------------------------

Ultrafast transient absorption measurements were performed using three distinct Ti:sapphire laser systems. All systems amplify ca. 808 to 816 nm femtosecond pulses in 1 kHz regenerative or multipass amplifier systems to 1 mJ with a duration \< 100 fs. Excitation pulses between 404 and 408 nm were produced by second harmonic generation. Visible excitation pulses ca. 540 to 550 nm were produced using a noncollinear optical parametric amplifier (NOPA). Cobalamin samples were measured at a concentration of 1 mg/mL in a 1 mm path length cuvette. Temperature control was achieved using a Neslab water bath to immerse the sample reservoir and to cool or heat the sample cell holder. Temperature measurement used a thermocouple inserted into the sample near the sample cell holder. See the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00453/suppl_file/ic0c00453_si_001.pdf) for additional details.

Materials and Spectroscopy {#sec2.3}
--------------------------

See the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00453/suppl_file/ic0c00453_si_001.pdf).

Results {#sec3}
=======

Synthetic, Spectroscopic, and X-ray Crystallographic Studies {#sec3.1}
------------------------------------------------------------

Crystalline 3-hydroxpropynylcobalamin (HOPryCbl) was prepared here in 60% yield from aquocobalamin (H~2~OCbl) via a recently developed methodology using 3-hydroxypropynyl iodide and formate as reducing agents^[@ref31]^ (see [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"} and the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00453/suppl_file/ic0c00453_si_001.pdf) for details). An aqueous solution of HOPryCbl featured a UV/vis spectrum with pronounced maxima at 368 and 553 nm, as is typical of alkynyl-Cbl's (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}).^[@ref31],[@ref32],[@ref40]^ In the IR spectrum, the signal at 2135 cm^--1^ indicated a C≡C stretch stronger by about 20 cm^--1^ than in PhEtyCbl and about 16 cm^--1^ stronger than in 3-hydroxy-propyne itself (see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00453/suppl_file/ic0c00453_si_001.pdf)). Homonuclear and heteronuclear NMR spectra established its solution structure and confirmed NMR spectroscopic data reported earlier.^[@ref40]^

![UV--visible absorption spectra of the cobalamins investigated in this work. The spectra are scaled to the same intensity at the ca. 550 nm peak of the α-band.](ic0c00453_0002){#fig2}

![Synthesis of HOPryCbl from H~2~OCbl by Formate Reduction and Alkynylation with 3-Hydroxypropynyl Iodide](ic0c00453_0010){#sch1}

From a concentrated solution of HOPryCbl in methanol, single crystals (orthorhombic space group *P*2~1~2~1~2~1~) separated out, suitable for X-ray analysis ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00453/suppl_file/ic0c00453_si_001.pdf)). The crystal structure analysis confirmed the NMR-derived data and furnished detailed insights into the bonding pattern around the cobalt center. Hence, HOPryCbl exhibits a basic structure closely related to those of the alkynyl-Cbl's PhEtyCbl^[@ref31],[@ref40]^ and of F~2~PhEtyCbl.^[@ref32]^ However, the length of the C≡C bond of HOPryCbl of 1.19 Å is slightly shorter by 0.02 Å than the one of PhEtyCbl, qualitatively consistent with the also noted higher C≡C stretching frequency. The remarkably short organometallic Co~β~--C and Co--N~DMB~ bonds in HOPryCbl (of 1.89 and 2.09 Å, respectively) indicate strong σ-bonding and considerable π back bonding interactions between the d^6^ Co(III) center and both of the unsaturated axial ligands, consistent with partial double bond character of the two axial bonds to the cobalt center. Such bonding features are characteristics of the crystal structures not only of alkynyl-Cbl's^[@ref31],[@ref32],[@ref51]^ but of CNCbl,^[@ref52],[@ref53]^ as well.

![Stick model of the structure of HOPryCbl in the crystal from X-ray analysis, depicted in two orientations, highlighting the corrin core and the axial ligands (color code of the corrin core: Co, pink sphere; C, red; N, blue; color code of the axial ligands and the periphery: C, green; N, blue; O, red; P, turquoise). For details, such as disorder in the terminal position of the 3-hydroxypropynyl ligand and location of H-bonded water molecules, see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00453/suppl_file/ic0c00453_si_001.pdf)).](ic0c00453_0003){#fig3}

Solutions of HOPryCbl in DMSO were stable to exposure to daylight (see [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00453/suppl_file/ic0c00453_si_001.pdf)) and underwent only slow decomposition at 100 °C (half-life of roughly 20 h), producing insignificant amounts of aquocobalamin as a product of the cleavage of the Co--C bond, but a variety of other (nonidentified) decomposition products (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00453/suppl_file/ic0c00453_si_001.pdf)). In the solid, HOPryCbl has been reported to decompose at \>190 °C.^[@ref40]^ Solutions of PhEtyCbl and F~2~PhEtyCbl in DMSO showed insignificant thermal decomposition after 3 days at 100 °C,^[@ref31],[@ref32]^ a consistent consequence of the proposed strong Co--C bond of alkynyl-Cbl's.^[@ref31]^

Photochemical Studies {#sec3.2}
---------------------

Vitamin B~12~ (CNCbl) and the three alkynyl-Cbl's have similar UV--visible spectra ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) in the αβ-band region and a prominent γ-band transition in the ultraviolet, although the latter is broader in the alkynyl cobalamins than the γ-band of CNCbl. Ultrafast transient absorption measurements were performed with excitation at 540 or 550 nm, into the lowest allowed excited electronic state at or near the excited state maximum or with excitation at 408 nm placing an additional 6000 cm^--1^ of excess energy into the photoexcited molecule.

3-Hydroxypropynylcobalamin (HOPryCbl) {#sec3.3}
-------------------------------------

The excited state dynamics and internal conversion of HOPryCbl were examined as a function of solvent and temperature. The excitation wavelength was 408 or 540 nm with transient absorption spectra essentially independent of excitation wavelength after the first several hundred femtoseconds. Here, we are focused on the excited state dynamics and ground state recovery on time scales \>1 ps. A transient spectrum obtained in water at 23 °C using 540 nm excitation is plotted in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}.

![Transient absorption signal obtained following excitation of HOPryCbl at 540 nm. The sample temperature was held at 23 °C. The data set extends to delay times of 900 ps. (a) Lineouts at select time delays. The transient signal decays to baseline on a ca. 55 ps time scale leaving only baseline for long delays indicating the absence of a long-lived photoproduct. The gray shaded box indicates the region influenced by the subtraction of the signal resulting from scatter of the excitation pulse. (b) Surface plot of the time-dependent difference spectrum of the electronically excited cobalamin.](ic0c00453_0004){#fig4}

The data were fit to a sum of exponential decay components and a Gaussian instrument response function (IRF) to gather rate constants for three events. The data in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} are well characterized using one ultrashort component, τ~A~ = 200 fs, and two picosecond components, τ~B~ = 6.4 ps and τ~C~ = 55 ps, as illustrated at selected wavelengths in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a. The femtosecond component reports on motion out of the initial Franck--Condon excited state as reported recently for AdoCbl.^[@ref54]^ This component depends on excitation wavelength and does not impact the question of photochemical stability, thus it will not be considered further here. The decay associated difference spectra (DADS) represent the amplitudes of each decay component as a function of wavelength. DADS for excitation at 408 and 540 nm excitation are plotted in [Figures S11 and S12](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00453/suppl_file/ic0c00453_si_001.pdf) for comparison. Given a model for the excited state dynamics, the DADS can be used to produce the species associated difference spectra (SADS). We assume a sequential model, to produce the SADS, and the derivation of relevant formulas is reported elsewhere.^[@ref36]^ The SADS for 23 °C and 540 nm excitation are plotted in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b.

![Global fit to transient absorption of HOPryCbl following 540 nm excitation. (a) Comparison of kinetic traces and the exponential fit at several key wavelengths as indicated. (b) Species associated difference spectra (SADS) for the intermediates observed after the first picosecond as determined from the global fit to the data. The plots are labeled with the lifetime of each component. The residual at long times (≫ 1 ns) is zero except for the influence of pump scatter around 540 nm.](ic0c00453_0005){#fig5}

The nature of the reaction coordinate for internal conversion may be further probed by varying the solvent. The effect of solvent polarity on excited state dynamics will probe charge migration or charge separation during excited state rearrangement. The effect of solvent viscosity on excited state dynamics probes the degree to which significant overall expansion or contraction takes place. The viscosity and polarity dependence of the excited state lifetime of HOPryCbl was investigated at room temperature (ca. 19--21 °C) in a variety of solvents. These data are summarized in [Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00453/suppl_file/ic0c00453_si_001.pdf) and in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

###### Rate Constants (and Lifetimes) for the Excited States B and C of HOPryCbl As a Function of Solvent and Temperature

  solvent            temperature (°C)                  η (cp)                   ε[a](#t1fn1){ref-type="table-fn"}    λ~exc~ (nm)   *k*~B~ ps^--1^ (τ~B~ ps)[g](#t1fn7){ref-type="table-fn"}   *k*~C~ ps^--1^ (τ~C~ ps)[h](#t1fn8){ref-type="table-fn"}
  ----------------- ------------------ --------------------------------------- ------------------------------------ ------------- ---------------------------------------------------------- ----------------------------------------------------------
  water                     11                                                                                           540                              0.090 (11)                                                0.0142 (70)
  water                     19          1.027[b](#t1fn2){ref-type="table-fn"}                  80.1                      408                             0.169 (5.9)                                                0.0163 (61)
  water                     23                                                                                           540                             0.156 (6.4)                                                0.0184 (54)
  water                     42                                                                                           540                             0.178 (5.6)                                                0.0278 (36)
  water                     56                                                                                           540                             0.214 (4.7)                                                0.0321 (31)
  water                     73                                                                                           540                             0.265 (3.8)                                                0.0364 (27)
  ethanol                   8                                                                                            408                             0.134 (7.5)                                                0.0095 (105)
  ethanol                   21          1.185[c](#t1fn3){ref-type="table-fn"}                  24.6                      408                             0.189 (5.3)                                                0.0124 (81)
  ethanol                   36                                                                                           408                             0.305 (3.3)                                                0.0154 (65)
  ethanol                   55                                                                                           408                             0.448 (2.2)                                                0.0210 (48)
  ethanol                   75                                                                                           408                             0.584 (1.7)                                                0.0272 (37)
  methanol                  19          0.586[c](#t1fn3){ref-type="table-fn"}                  32.7                      408                             0.254 (3.9)                                                0.0143 (70)
  2-butanol                 20          3.74[d](#t1fn4){ref-type="table-fn"}                    20                       408                             0.375 (2.7)                                                0.0072 (139)
  3:1 EG/H~2~O              20          8.07[e](#t1fn5){ref-type="table-fn"}    46[f](#t1fn6){ref-type="table-fn"}       408                             0.139 (7.2)                                                0.0072 (139)
  ethylene glycol           19          22.3[e](#t1fn5){ref-type="table-fn"}                    37                       408                              0.040 (25)                                                0.0060 (167)

Dielectric constants at 20 °C^[@ref57]^ unless otherwise indicated.

Ref ([@ref55]).

Viscosity at 20 °C.^[@ref56]^

Ref ([@ref58]).

Ref ([@ref59]).

Dielectric constant at 25 °C.^[@ref60]^

The average error bars on *k*~B~ are ±0.01.

The error bars on *k*~C~ were estimated conservatively based on upper and lower limits for potential fits to the data and are included in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. These range from ±0.001 at low temperatures to ±0.0025 at the highest temperatures.

In comparison with CNCbl, where a strong polarity dependence is observed,^[@ref43],[@ref44]^ there is a lack of a clear trend with polarity for HOPryCbl, suggesting that excited state charge migration plays little role in the reaction coordinate for internal conversion. Only a general trend with viscosity is present (see [Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00453/suppl_file/ic0c00453_si_001.pdf)); the internal conversion is faster in the low viscosity solvents (η around 1 mPa s) than the high viscosity solvents (η ≥ 4 mPa s). In the absence of a strong dependence of lifetime on viscosity or polarity, an Arrhenius analysis of the temperature dependence will provide insight into the excited state barrier for internal conversion that is not complicated by temperature dependent properties of the solvent. Transient absorption measurements of HOPryCbl in water were performed at 11 °C, 42 °C, 56 °C, and 73 °C. The results are summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [Figure S15](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00453/suppl_file/ic0c00453_si_001.pdf). The lifetimes of the picosecond components, τ~B~ and τ~C~, decrease with temperature consistent with a barrier crossing mechanism for population decay. Temperature dependent measurements were also performed in ethanol for temperatures ranging from 8 to 75 °C (see [Figures S16 and S17](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00453/suppl_file/ic0c00453_si_001.pdf)). Water and ethanol have similar viscosities (1.002 and 1.185 cP at 20 °C),^[@ref55],[@ref56]^ but disparate dielectric constants (80.1 and 24.6 at 25 °C).^[@ref57]^

The longest-lived excited state, C, is associated with internal conversion to the ground state and thus is our major target of further analysis. SADS for state C in water across varying temperatures are plotted in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. The broad excited state absorption to the red of the photobleach around 550 nm is common to many cobalamins. The peak around 460 nm reflects a blue shift of the αβ band in the excited state, consistent with an increase in the axial bond lengths (see [Discussion](#sec4){ref-type="other"}). This absorption is strongly dependent on temperature. The temperature dependent variation around 420--450 nm is significantly smaller in ethanol (see [Figure S17](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00453/suppl_file/ic0c00453_si_001.pdf)).

![SADS for the stable excited state of HOPryCbl as a function of temperature. The blue shift of the excited state absorption between 400 and 470 nm increases with temperature.](ic0c00453_0006){#fig6}

The temperature dependent rates for internal conversion to the ground state (*k*~C~) were fit to the Arrhenius equation: ln *k*~C~ = −*E*~a~/*RT* + ln *A*~h~ where the activation barrier *E*~a~ and the exponential prefactor *A*~h~ are assumed to be independent of temperature. The results are plotted in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. A weighted linear regression taking into account the error in each rate constant was used to determine the values for *E*~a~. The activation barrier is independent of solvent, suggesting that the solvent dependence of the rate for internal conversion is controlled by the prefactor *A*~h~. Unlike CNCbl,^[@ref44]^ the barrier for internal conversion in HOPryCbl is independent of solvent polarity. The barrier is also identical within experimental error to the barrier reported earlier for PhEtyCbl in water as shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}.^[@ref36]^

![Arrhenius plots of ln(*k*) vs 1/*T* for the internal conversion to the ground state. The barrier is the same within experimental error for all three alkynyl Cbl's.](ic0c00453_0007){#fig7}

2-\[2,4-Difluorophenyl\]ethynyl-Cobalamin {#sec3.4}
-----------------------------------------

To complement the studies of PhEtyCbl^[@ref36]^ and HOPryCbl, transient absorption measurements were performed on 2-\[2,4-difluorophenyl\]ethynyl-Cbl (F~2~PhEtyCbl, see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Measurements were performed using excitation at 408 and 550 nm. Data obtained using 550 nm excitation are plotted in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}. The transient spectra observed for F~2~PhEtyCbl are independent of excitation wavelength for times greater than 0.5 ps. The transient spectra are similar to those observed for PhEtyCbl and HOPryCbl although the lifetimes vary.

![Transient absorption signal obtained following excitation of F~2~PhEtyCbl at 550 nm. The sample temperature was held at 10--13 °C. The data set extends to delay times of 450 ps. (a) Lineouts at select time delays. The transient signal decays to zero on a ca. 75 ps time scale leaving only a baseline for long delays. The gray shaded box indicates the region influenced by the subtraction of the signal resulting from scatter of the excitation pulse. (b) Surface plot of the time-dependent difference spectrum of the electronically excited cobalamin.](ic0c00453_0008){#fig8}

The transient absorption scan was fit to a model consisting of three exponential decay components ([Figure S18](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00453/suppl_file/ic0c00453_si_001.pdf)). The fastest time constant, ca. 0.20 ps, is not considered further here for the reasons given above for HOPryCbl; it is not important in determining the excited state internal conversion process. The longer two rate constants are summarized in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. These measurements were repeated at temperatures ranging from 10° to 68 °C. Both PhEtyCbl and F~2~PhEtyCbl exhibit an excited state absorption that blue-shifts with temperature, although the spectral changes are more subtle than observed for HOPryCbl (see [Figure S19](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00453/suppl_file/ic0c00453_si_001.pdf)). An analysis of the temperature dependence of the rate constant for internal conversion using the Arrhenius equation leads to an activation barrier of 13.3 ± 0.7 kJ/mol, similar to the barriers determined for PhEtyCbl and HOPryCbl (see [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). This barrier is determined primarily by the alkynyl linkage rather than the identity of the organic group attached to the ethynyl carbon.

###### Rate and Time Constants for the Excited States of F~2~PhEtyCbl and PhEtyCbl in Water As a Function of Temperature

  temperature (°C)     λ~exc~ (nm)  *k*~B~ (ps^--1^)[a](#t2fn1){ref-type="table-fn"}   τ~B~ ps   *k*~C~ (ps^--1^)[b](#t2fn2){ref-type="table-fn"}   τ~C~ ps
  ------------------- ------------- -------------------------------------------------- --------- -------------------------------------------------- ---------
  F~2~PhEtyCbl                                                                                                                                      
  RT (ca. 18)              406      0.145                                              6.9       0.0139                                             72.5
  10                       550      0.102                                              9.8       0.0128                                             78.0
  13                       550      0.087                                              11.5      0.0137                                             72.9
  23                       550      0.148                                              6.8       0.0168                                             59.4
  39                       550      0.127                                              7.9       0.0204                                             49.0
  53                       550      0.167                                              6.0       0.0260                                             38.5
  68                       550      0.187                                              5.3       0.0352                                             28.4
  PhEtyCbl^[@ref8]^                                                                                                                                 
  18                       406      0.117                                              8.5       0.0162                                             61.7
  22                       550      0.117                                              8.6       0.0179                                             55.9
  31                       550      0.128                                              7.8       0.0225                                             44.5
  41                       550      0.159                                              6.3       0.0236                                             42.4
  53                       550      0.151                                              6.6       0.0291                                             34.4

The average error bars on *k*~B~ are ±0.01.

The error bars on *k*~C~ were estimated conservatively based on upper and lower limits for potential fits to the data and are included in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. These range from ±0.001 at low temperatures to ±0.003 at the highest temperatures.

Discussion {#sec4}
==========

The alkynyl cobalamins studied here feature a thermally and photochemically stable Co~β~--C~sp~ bond,^[@ref31],[@ref32],[@ref36],[@ref40],[@ref50],[@ref51]^ in contrast to the ready heat- or light-induced cleavage of the weak Co~β~--C bond in the two biologically active coenzymes, MeCbl and AdoCbl.^[@ref12]−[@ref14]^ The excited state of alkynyl Cbl's undergoes internal conversion to the ground state on a time scale \< 100 ps without cleavage of the strong Co~β~--C~sp~ bond. CNCbl can be considered the prototypical cobalamin species with an sp-hybridized carbon bonded as the upper axial ligand to the cobalt center. Like the alkynyl Cbl's, CNCbl is both thermally and photochemically stable (photolysis quantum yield ≤ 10^--4^ in solution, dependent on pH and likely through a triplet mechanism).^[@ref61],[@ref62]^ Unlike the alkynyl Cbl's, which are (potential) antivitamins B~12~,^[@ref31],[@ref32]^ CNCbl functions as a vitamin, as it is reduced *in vivo* by the enzyme CblC to cob(II)alamin which is a metabolic precursor of active B~12~ cofactors.^[@ref63]^ The results presented above and discussed below demonstrate that the properties of alkynyl Cbl's that are instrumental in inhibiting photoinduced Co~β~--C bond dissociation differ significantly from the properties instrumental in inhibiting photodissociation and enhancing internal conversion in CNCbl.

Transient absorption studies of CNCbl suggested that the excited state structure is characterized by elongated axial bonds.^[@ref42],[@ref43],[@ref47]^ This expectation was confirmed by theoretical simulations^[@ref48],[@ref49]^ and by measurements of the time-resolved X-ray absorption near edge structure (XANES) following photoexcitation.^[@ref45],[@ref46]^ Comparisons of the transient polarized XANES measurements with theoretically predicted excited state structures demonstrate that the Co--N~DMB~ bond of CNCbl expands by ca. 10% (∼0.2 Å), while the Co~β~--C bond expansion is 15% to 19% (∼0.3 to 0.35 Å).^[@ref46],[@ref48],[@ref49]^ Ultrafast IR measurements indicate that the stretching frequency of the C≡N triple bond in CNCbl shifts 20 to 30 cm^--1^ to lower frequency in the excited state.^[@ref43],[@ref47]^ The bonding of CN^--^ to a transition metal cation results in transfer of electron density from a σ~CN~\* orbital of the cyano group to the metal and d−π\* back-bonding into the CN ligand.^[@ref53]^ Thus, a decrease in the strength of the Co--C bond is correlated with increased σ\* character and a decrease in the strength of the C≡N bond, lowering its vibrational frequency.

The excited state lifetime of CNCbl (ca. 6 to 20 ps) is largely independent of solvent viscosity but strongly dependent on solvent polarity.^[@ref43],[@ref44]^ Solvent polarity modifies the excited state barrier for internal conversion according to the phenomenological equation *E*~a~ (ε) = *E*~a~^1^ -- α(ε -- 1) where *E*~a~^1^ is the activation barrier for internal conversion in a vacuum (ε = 1) and α is a parameter determined from a fit to the experimental data.^[@ref44]^ For CNCbl, α ≈ 0.047. The barrier for the gas phase molecule is determined as 12.5 ± 0.5 kJ/mol, and the activation barrier in water at room temperature is estimated to be 8.8 kJ/mol. We hypothesize that the polarity dependence of the barrier for internal conversion to the ground state is a consequence of the explicit polarity of the C≡N bond. The polarity of the solvent modifies the influence of this bond on the Co~β~--C bond and thus the crossing with the ground state along the Co~β~--C coordinate. The extension of both the Co~β~--C and Co--N~DMB~ bonds in the excited state provides an effective pathway for rapid internal conversion to the ground state without cleavage of the Co~β~--C bond.

In contrast, a transient XANES measurement on F~2~PhEtyCbl demonstrates little change in the Co~β~--C bond,^[@ref50]^ in good qualitative agreement with TD-DFT calculations on PhEtyCbl.^[@ref39]^ The Co~β~--C bond is "locked" near the ground state bond length. In addition, the C≡C bond is nonpolar and insensitive to solvent polarity, eliminating an important mechanism for the potential influence of environment on internal conversion. The dominant structural change in the excited electronic state of alkynl Cbl's is in the Co--N~DMB~ bond, which lengthens significantly in the excited state. Further insight into the flexibility of the Co--N~DMB~ bond can be obtained from the excited state optical spectrum. [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} shows ground and estimated excited state spectra for CNCbl, PhEtyCbl, HOPryCbl, and F~2~PhEtyCbl in water. The general spectral features for each of these species in the ground state are very similar in the αβ-band region with two prominent peaks and a shoulder. There is also a pronounced γ-band at ca. 360 nm, although the width and intensity vary.

![Ground and estimated excited state absorption spectra of the four molecules discussed here. The color code is the same for the difference, ground state, and excited state spectra. The data are scaled to the ground state αβ-band absorption at 550 nm. Two data sets are shown for CNCbl, one with ca. 400 nm excitation (solid lines, 365 to 700 nm) and one with 550 nm excitation (dashed lines, 300 to 590 nm). The HOPryCbl data were obtained using 550 nm excitation, while F~2~PhEtyCbl and PhEtyCbl data were obtained with ca. 408 nm excitation. The gray shaded area is perturbed by pump scatter when the excitation wavelength is ca. 550 nm. The inset shows the temperature dependence of the excited state absorption peak for HOPryCbl. This peak shifts from ca. 470 nm at 11 °C to 445 nm at 73 °C.](ic0c00453_0009){#fig9}

The estimated excited state spectra for HOPryCbl and F~2~PhEtyCbl are determined by adding the ground state spectrum back into the SADS as described previously for CNCbl and PhEtyCbl.^[@ref36],[@ref42]^ In the excited state, all four compounds exhibit a blue-shifted αβ-band characteristic of extension of one or both axial bonds.^[@ref43],[@ref45],[@ref64]^ For comparison, (photoinduced) homolytic cleavage of the Co~β~--C bond of AdoCbl, MeCbl, and related organometallic Cbl's furnishes cob(II)alamin and results in a blue shift of the αβ band to 470 nm.^[@ref13],[@ref44]^ At pH \< 3, the DMB base of alkylcobalamins (e.g., AdoCbl and MeCbl) becomes protonated accompanied by a transition from their so-called base-on configuration to their protonated base-off form (see [Figure S20](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00453/suppl_file/ic0c00453_si_001.pdf)). The base-on to base-off transition results in a blue shift of the αβ-band absorption to ca. 460 nm.^[@ref5],[@ref65]^ A p*K*~a~ of 3.7 has likewise been measured for the protonated base-off form of the arylcobalamin 4-ethylphenylcobalamin.^[@ref30]^ F~2~PhEtyCbl^[@ref32]^ and related alkynyl-Cbl's^[@ref31],[@ref40]^ require more acidic environments to be transformed into their protonated base-off forms, which can be detected by a characteristic blue shift of the αβ band by roughly 30 nm. However, at low pH, alkynyl-Cbl's are not stable and decompose to aquocobalamin. Half-life times of roughly 2 and 5 h, respectively, have been observed at pH 1 and room temperature for F~2~PhEtyCbl and for HOPryCbl (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00453/suppl_file/ic0c00453_si_001.pdf)).

The excited state spectra for the alkynyl-Cbl's are similar to each other with a peak at ca. 465 nm at room temperature consistent with elongation or dissociation of the Co--C~DMB~ bond. CNCbl is different: the blue shift is smaller, and the absorption band is stronger. The differences are consistent with distinct excited state structures for CNCbl and the alkynyl cobalamins and with a larger role for Co--N~DMB~ elongation in the latter. The pronounced temperature dependence of the excited state αβ-band absorption of HOPryCbl in water, and smaller dependence for HOPryCbl in ethanol and PhEtyCbl and F~2~PhEtyCbl in water, is consistent with a shallow potential for the Co--N~DMB~ bond and a variation in the average bond length with temperature. Taken together with the excited state XANES data on F~2~PhEtyCbl, these results demonstrate that the Co--N~DMB~ bond is weakened in the excited state with a shallow potential such that the degree of lengthening or dissociation of this bond is dependent on temperature.

The alkynyl ligand stabilizes the cobalamin against photolytic cleavage of the Co~β~--C bond and modifies the mechanism for internal conversion and ground state recovery from that observed in the related vitamin B~12~. In CNCbl, the barrier for internal conversion to the ground state is strongly dependent on solvent polarity and involves elongation of both axial bonds. In contrast, the weak dependence of the excited state lifetime of alkynyl cobalamins on solvent properties and the similarity of the barrier for ground state recovery for all three alkynyl cobalamins studied (see [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}) are consistent with return to the ground state mediated by corrin ring distortion from a structure with an elongated Co--C~DMB~ bond as predicted in theoretical calculations of the excited state of PhEtyCbl, although the calculated barriers are much higher than the experimental results.^[@ref39]^

Conclusions {#sec5}
===========

Alkynylcobalamins have recently been explored as robust vitamin B~12~ analogues,^[@ref31],[@ref32],[@ref40],[@ref51]^ useful as potential antivitamins B~12~,^[@ref32]^ and as versatile organometallic B~12~-based biological vectors.^[@ref27]^ Alkynyl-Cbl's feature unique structural properties and an exceptional thermal and photochemical stability of their Co~β~--C~sp~ bond. The excited state of alkynyl-Cbl's undergoes rapid internal conversion to the ground state (on a time scale \< 100 ps) without cleavage of the strong Co~β~--C~sp~ bond. Comparison with results on CNCbl demonstrates that the ethynyl π orbitals interacting with the cobalt-corrin moiety provide a mechanism to further stabilize and shorten the Co~β~--C~sp~ bond. These interactions also prevail in the excited singlet state and inhibit elongation and internal conversion or bond dissociation pathways requiring bond elongation. The excited state structure and the mechanism for efficient ground state recovery is not only due to the presence of an sp-hybridized carbon bonded as the upper axial ligand to the cobalt center. All three of the alkynyl-Cbl's studied here exhibit similar time scales and barriers for internal conversion to the ground state. This is consistent with a deactivation mechanism largely decoupled from the particular R group of the Co--C≡C--R axial ligand and dominated by corrin ring distortion from an excited state minimum and significant elongation of the Co--N~DMB~ bond, as predicted in theoretical simulations.^[@ref39]^

As delineated here, the design of light-sensitive alkynyl Cbl's as photoconditional antivitamins B~12~ appears challenging. It would require analogues, in which the R group in the Co--C≡C--R unit would strongly reduce the π-bonding influence of the π~Ety~ orbitals in the lowest excited electronic state, enhancing the readiness for cleavage of the Co~β~--C~sp~ bond. Theoretical calculations along these lines may provide insights helpful in directing the design of such compounds. However, the complete inertness of alkynyl-Cbl's against cleavage by light provides a solid basis for the design and use of such organometallic B~12~ derivatives as photostable antivitamins B~12~,^[@ref29]^ as versatile "Trojan Horses" carrying drugs into cells and organisms,^[@ref27]^ and in a range of other biological applications.^[@ref40]^

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00453](https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00453?goto=supporting-info).Detailed description of the synthesis procedures, complete spectroscopic and crystallographic information (including the crystal structure deposition code), as well as additional photophysical data figures; additional transient absorption data figures for HOPryCbl and F~2~PhEtyCbl including plots of decay associated difference spectra and the polarity and viscosity dependence of the HOPryCbl excited state lifetime ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00453/suppl_file/ic0c00453_si_001.pdf))
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